Severe haze occurred in the North China Plain (NCP) from November to December 2015, with a wide spatial range and long duration. In this paper, the combined effect of two westerly jet waveguides on haze in the NCP was investigated based 15 on visibility observational data and NCEP/NCAR reanalysis data. The results showed that the two Rossby waveguides within the westerly jet originating from the Mediterranean were responsible for haze formation in the NCP. The Rossby wave propagated eastward along the subtropical westerly jet and the polar front jet, causing an anomalous anticyclone over the Sea of Japan and anticyclonic wind speed shear at 850 hPa over the NCP, which enhanced the anomalous descending air motion in the middle and lower troposphere and subsequently resulted in a stable atmosphere. Furthermore, the Rossby wave weakened 20 the East Asia trough and Ural ridge, and strengthened the anomalous southerly wind at 850 hPa over the coastal areas of east China, decelerating the East Asia winter monsoon. The above meteorological conditions modulated haze accumulation in November and December 2015. Meanwhile, continuous rainfall related to ascending motion due to Rossby wave propagation along the subtropical westerly jet occurred in a large area of southern China. The latent heat released by rainfall acted as a heat source, inducing convection over South China. This further strengthened the ascending motion over South China so that the 25 descending motion over the NCP was maintained, favoring the maintenance of severe haze. This study is of great significance
analysis is the determination of the weight function , (Feng et al., 2004) (1-2):
Where R is the influence radius, , 2 is the distance between two interpolation points, i and j are each interpolation point. R 100 are 5, 4 ,3 in this paper. Unit of R is degree.
Where ∅ , is the function of interpolation and ∅ is station data. N is number of stations.
To analyze the anomalous propagation of Rossby waves, we calculated horizontal stationary wave activity flux to show the propagation of wave energy using the method of Plum (1985) (4):
Here, is the horizontal stationary wave activity flux, 0 is pressure / (1000 hPa), ′ is the perturbation stream function, is
Earth's radius, ∅ is the latitude, and λ is the longitude.
The East Asian winter monsoon composite index defined by He and Zhou (2012) was used to characterize the East Asia winter monsoon. The formula is as follows (5-8):
= 1 + 4 * + 5 3 ,
Here, Norm represents standardization, and ̅ , ℎ ̅ 500 , and ̅ 300 are the mean sea level pressure, 500 hPa mean geopotential 115 height and 300 hPa mean zonal wind over the region defined above, respectively.
Please note that all the anomalies calculated in this paper were based on the climatological mean during the thirty-year period of 1981-2010. For example, the calculation procedure can be written as (9) ℎ _ 2015 = ℎ 2015 − ℎ _ 1981 2010 ,
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Persistent haze events and associated weather patterns
Heavy haze occurred over the NCP in November and December 2015. The locations where the average monthly visibility was less than 10 km covered northern China and eastern China (Figure 1 ). The haze events were characterized by wide range, strong intensity and long duration, which was consistent with the analysis of Chang et al. (2016) , Zhang et al. (2016) and 125 Zhang et al. (2019) . There were 22 haze days, accounting for more than 70% of the total, in both November and December 2015 ( Figure 2 ). In November, the mean monthly visibility over the NCP was 8.33 km with a minimal value of 4.14 km. A regional mean visibility less 10 km appeared on 4-16, 18-22 and 27-30, with minimal daily values of 5.16 km, 5.86 km and 4.14 km, respectively. Similarly, the mean monthly visibility in December over the NCP was 8.63 km with a minimal daily value of 2.62 km. The dates when the regional mean visibility was less than 10 km were 6-14, 19-24 and 28-31 December, 130 with minimal daily values of 3.87 km, 2.62 km and 6.00 km, respectively.
Static stability is expressed by the vertical difference in the temperature between 1000 hPa and 850 hPa (Liu et al., 2017) , which is on average 4.5°C-7.5°C in the NCP. The value of the static stability was small so that the atmosphere was relatively stable ( Figure 3a ). In addition, the vertical profiles of the temperature anomalies between 1000 hPa and 700 hPa show warm anomalies in the middle and lower troposphere and cold anomalies near the surface (Figure 3e ), which further indicates that 135 the atmosphere is relatively stable. When haze occurred, the mean monthly relative humidity (RH) in the NCP was less than 70% ( Figure 3b ), and the regional daily relative humidity was also relatively low (not shown The ground was mainly controlled by an anticyclone in November and December 2015 according to the ground wind field at 10 m. The NCP was in the center of the anticyclone, and the wind speed was very weak (Figure 3c ). However, in the periphery of the NCP, the wind speed was relatively strong (Figure 3c ). The horizontal wind speed was a negative anomaly from the 145 lower troposphere to the upper troposphere ( Figure 3e ). The 850 hPa wind field showed a northeast-southwest wind speed shear ( Figure 3d ), which corresponded to negative vorticity anomalies. The atmosphere was mainly composed of descending movement, so the stratification was relatively stable. According to Liu et al. (2017) , the frequency of haze occurrence was 24.5% under low wind speed conditions at the ground and low stability over 1303 noncold wave days, accounting for the highest proportion of the four conditions (including low wind speed and low stability (20.4%), high wind speed and low 150 stability (14.4%), and high wind speed and high stability (14.6%)). In addition, compared with surface temperature, surface specific humidity, cloud fraction, precipitation rate, and upward flux (UP), the contributions of horizontal wind and the boundary layer height to PM 2.5 concentration in winter in eastern China were 37% and 25%, respectively (Yang et al., 2016) .
Therefore, wind speed and atmospheric stability play vital roles in haze formation during November and December in the NCP. (Figure 4a ), there was a clear northerly and southerly anomaly in the meridional wind from west to east within the mid-high latitude westerly jet. The north-south anomaly in the meridional wind corresponded to the geopotential height anomaly, similar to the wave train. This was characterized by a Rossby wave corresponding to the teleconnection patterns and stationary Rossby waves in northern hemisphere winter, as proposed by Hoskins et al. (1993) and Hsu et al. (1992) . This was also similar to the teleconnection of the Northern Hemisphere Silk Road in summer proposed by Lu et al. (2002) . conductive to the haze accumulation. In southern China, there was mainly ascending motion, with an anomalous southwesterly wind at 850 hPa ( Figure 4c ). The convergence of southwesterly airflow was conducive to the occurrence of large-scale continuous precipitation over the southern China, as reported by Li and Sun (2015) and Ding and Li (2017) . As shown in during November 6-13, 14-17, and 18-21 and December 2-6, 7-10 and 21-23. The north-south circulation systems were 185 consistent, which was implicative of a barotropic stable circulation structure triggering long-lasting of the haze events.
To more clearly depict the circulation in detail during the persistent haze events, the circulation field was composited by selecting haze events lasting at least three days with a mean daily visibility of less than 8 km ( Figure 5 ). The periods are 
Evolution of two westerly jet waveguides and principal mechanism analysis
To explore the influence mechanism of Rossby wave in subtropical westerly jet on haze, the first leading EOF mode of the 200 hPa zonal and meridional winds from November 1979 to December 2017 was calculated. The first mode of zonal wind represents the north-south movement of the subtropical jet (Figure 7a ), following Hong et al. (2016) . This mode's variance is 25.3%. From the first modal time series, it can be seen that the exponent is positive in 2015, meaning that the jet is strong. The first mode of the meridional wind is a Rossby waveguide manifested by the north-south anomaly of the 200 hPa meridional wind, following Li et al. (2017) . The variance is 23.4%. The first modal time series shows that the exponent has a negative index in 2015, with strong intensity (Figure 7c) . To reveal the influence of the jet waveguide on atmospheric circulation in the middle and lower troposphere, 500 hPa geopotential height anomalies and 850 hPa wind field anomalies were regressed by the time series of the first EOF mode of meridional wind (Figure 9 ). The EU negative phase appears in the regressed geopotential height field. The two positive centers of the regression coefficients of the geopotential height anomaly are located over the Mediterranean Sea and the adjacent Sea 230 of Japan areas. The positive geopotential height anomaly near the Sea of Japan weakens the East Asian trough, weakening the EAWM. In addition, the anticyclone anomaly also causes the southerly wind anomaly at 850 hPa over the eastern coast of China, further weakening the winter monsoon. The center of the negative geopotential height anomaly is located in Siberia, weakening the Ural ridge and weakening the Lower Siberian High and favoring haze formation. The regression coefficient of the wind field anomaly shows that there is a southerly anomaly over the NCP, and a southwesterly anomaly in South China.
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The southerly anomaly over the NCP tends to weaken the winter wind, while the southwesterly anomaly over South China carries water vapor from the Bay of Bengal and South China Sea to South China, providing favorable moisture conditions for precipitation in South China.
To further examine the mechanism behind the propagation of the Rossby waveguide, two-dimensional wave activity flux was calculated and generated according to the formula for the wave action flux defined by Plum (1985) . Figure 10 shows that the European continent is the source of the Rossby wave. Rossby waves propagate into two pathways: a subtropical westerly jet and polar front jet. The Rossby wave in the polar front jet was stronger than that in the subtropical westerly jet. Rossby waves in the polar front jet, named the EU, resulted in energy dispersion over the Siberian area, leading to a negative geopotential Based on the analysis above, a diagram of the Rossby waveguide of the westerly jet affecting haze events in the NCP is drawn ( Figure 11, Figure 12 ). The Rossby wave originated from the Mediterranean region (Li and Sun, 2015) and propagated eastward 255 along the westerly jet, resulting in an anomalous anticyclone over the Sea of Japan and strengthening descending air motion over the NCP. In addition, there was a southerly wind anomaly at 850 hPa over the eastern coastal areas of China, which weakened the winter monsoon ( Figure 12 ). Both of these features are conducive to haze accumulation. In addition, the Rossby waveguide also caused a strong abnormal upward movement over South China, which combined with the rich water vapor carried by the southwesterly airflow resulted in large-scale continuous rainfall (Figure 11, Figure 12 ). The latent heat released 260 by precipitation as a heat source strengthened the abnormal ascending motion over South China, which further helped to maintain the sinking motion in the NCP. A local circulation in the southern and northern parts of China was formed ( Figure   12 ): the air rises in the south and subsides in the north, facilitating the intensification of the descending air motion in the NCP and the persistence of haze. Figure 13 ). The location of the EU mentioned above is slightly different from that of the EU defined by predecessors. To describe the EU more accurately in this study, a new EU index (EUI) was defined according to the definition of the EUI of Wallace and Gutzler (1981) . heavy haze in the NCP. In addition to 2015, the two waveguides also existed in 1989, 1994, 1996, 2004, 2006, and 2011 . The visibility anomaly in the NCP in these years was negative. However, the two westerly jet waveguides were also strong in 1982, 290 1986, 1988, 1991, and 1992 , and the visibility anomaly in the NCP was positive (Figure 13 ). In addition, compared to the waveguides in 2015, the two westerly jet waveguides were weak or out of phase in 2000, 2002, 2003, 2007, 2013, and 2014, while the visibility anomaly in the NCP was negative. This means that under similar pollutant emission conditions, the largescale circulation conditions that cause air pollution may take on diversified modes. This paper mainly focused the haze in November and December 2015; therefore, the robustness of the mechanism may be further verified if other haze events can 295 be evaluated in future studies. We can understand the complexity behind the climatic causes of severe air pollution from some existing studies. For example, the combined effects of the negative North Atlantic Oscillation (NAO) and El Niño worsened air conditions over central and south China in the winters of 2000 and 2003 (Feng et al., 2019) . The autumnal increased number of haze days in 2013 and 2014 was closely associated with simultaneous sea surface warming in the western North Pacific sector and the North Atlantic subtropical sector .
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